Abstract. Despite the blossoming interest in host-microparasite epidemiology, and in use of viruses in the biological control of insect pests, few empirical studies have attempted to quantify transmission and mortality rates under field conditions. We report a laboratory and field study in which the transmission parameter (v) and mortality rate (Ux) due to nuclear polyhedrosis virus (NPV) are measured in different larval instars of the cabbage moth, Mamestra brassicae (Lepidoptera: Noctuidae). Laboratory studies of food consumption and virus susceptibility were used to produce crude estimates of relative transmission rates in successive instars. Increases in the rate of feeding outstrip increases in virus resistance with instar, so we predict that transmission rates should increase in older larvae (assuming rate of intake of virus to be proportional to rate of feeding). This prediction was tested in a field experiment in which a constant initial density of susceptible and infected (moribund) larvae were reared together on cabbage plants for 2-8 d. Estimates of the linear transmission parameter (v) did not differ between instars and gave a mean value of 2.16 X 10-12 for all instars and time points. Causes for the discrepancy between predictions based on laboratory data and field measurements are discussed. Differences were found between instars in the time from infection to death (T) (equivalent to 1/cV, where ax is the rate of mortality due to viral infection). Second-instar larvae died more rapidly once infected than third instars, which, in turn, died more rapidly than fourth instars. The effect of host population stage structure on patterns of viral infection can be pronounced and if recognized, may significantly increase the accuracy and predictive value of models of host pathogen systems.
) and may be influential in aiding our understanding of host popu-rus occlusion bodies (OBs) for first-instar larvae to 4100 for fifth instars (Boucias et al. 1980 ). Comparable age-related susceptibility has been described in numerous studies (for example, Stairs 1965 , Magnoler 1975 , Boucias and Nordin 1977 , Evans 1981 , 1983 ). Measurement of susceptibility by LD50 in the laboratory does not take into account the greater food consumption of older larvae, which may increase the number of virus occlusion bodies (OBs) ingested in the field (e.g., Smits et al. 1987 ). In Lepidoptera, transmission normally occurs following the death of an infected larva, which releases many viral OBs onto the foodplant foliage where they may subsequently be eaten by healthy larvae. Hence Payne et al. (1981) suggested that, in species in which susceptibility in the laboratory decreases in proportion to size, decreasing susceptibility and increasing consumption with age may compensate each other, so that in the field, transmission rates do not differ according to instar. However, in species that show a disproportionate decrease in laboratory susceptibility with size, for example, Pieris brassicae and Mamestra brassicae (Evans 1981) , consumption would be insufficient to compensate, so that later instars may become less prone to infection. The two published field studies that have investigated the relationship between age and virus transmission do not agree with either of these hypotheses, or with each other, as to which instars are most prone to infection, and both infer that differences in larval behavior underlie observed differences in transmission rates (Webb and Shelton 1990, Dwyer 1991) .
A number of assumptions are implicit in the theoretical and empirical studies above, not least, that the probability of consuming infective virus is the same for all susceptible larvae. However, virus distribution in the field is likely to be highly contagious, in the vicinity of hosts that have succumbed to infection and released infective occlusion bodies. Such spatial heterogeneity in virus distribution may be highly influential in affecting transmission rates to different host instars, especially if those instars show differences in their feeding behavior or mobility. Hence the rate at which different instars become infected in the field (the transmission rate) may not be predictable from laboratory studies.
We aimed to investigate the outcome of age-related variation in food intake and susceptibility to infection in terms of differences in transmission rate between instars (the rate at which previously uninfected larvae pick up lethal infections). Consumption rates and virus susceptibility were quantified for each instar in,,jhe laboratory, and used to derive approximate predictions as to the relative rates of infection of each instar in the field. These predictions were then tested, within a single cycle of infection. Specifically, the transmission rate, the linear transmission parameter (v), and the time from infection to death (Xr) of larvae of different instars were measured in the field within experimental plots infested with a constant initial density of susceptible larvae. Inoculum was provided in the form of moribund infected larvae. Model assumptions of a constant density of inoculum ("free-living" infective stages) were also evaluated during the period of the trial.
M. brassicae (L.), the cabbage moth, provided a convenient subject as both the insect and its food plant, cabbage, are easily cultured, and because its multiply enveloped nuclear polyhedrosis virus (MbNPV) (Baculoviridae) has been extensively studied in terms of its biological activity , Evans 1981 , 1983 
Food consumption in the laboratory
Estimates of larval feeding rates in terms of leaf area ingested were obtained for second, third and fourth instars by containing 50 newly moulted larvae individually in ventilated plastic pots (4 cm diameter X 3.5 cm high) each with a 17 mm diameter leaf disc of cabbage. Larvae were allowed to feed for 24 h in darkness at 240C, and the leaf discs then removed for measurement. As larvae of all instars tend to graze on the surface of the leaf without penetrating through it, leaf area measurement devices proved to be unsuitable. Leaf areas grazed were estimated to within 1 mm2 by eye with the leaf discs placed on fine-lined graph paper: areas grazed on the top and bottom of the leaf were summed, and a mean value calculated for each instar.
Estimation of LD50 values for each instar
LD50 values for second, third, and fourth instars were calculated by inoculating larvae with a range of virus doses, and assessing virus-induced mortality. For each instar six doses were used, with 50 larvae per dose, and with each dose replicated 3 times. Larvae were individually inoculated with 1 FL of virus solution on a small plug of artificial diet (sufficiently small to be consumed within 24 h) and subsequently reared at 240C until pupation or death. Doses were chosen to span the values of LD50 for each instar published by Evans (1981) . Measurement of transmission and mortality rates in the field
The field experiment was carried out on a freshly ploughed and harrowed arable field at the University of Oxford field station, Wytham UK, during July 1993. Sixteen cabbages (var. Spitfire 240) were planted in a four by four grid inside each of 90 1-rM2 plots, themselves arranged 2 m apart in a grid. Plots were constructed with 1.2 m wooden stakes at each corner. A barrier of clear polythene 30 cm high was stapled around each plot, and buried 10 cm into the soil, to minimize ingress of predators and egress of larvae. A polythene roof was stapled across the top of each plot immediately prior to introduction of virus inoculum, to prevent rainfall altering the inoculum density during the trial. Birds were excluded by netting. The cabbages were allowed to establish for 4 wk before the introduction of larvae.
The experiment was designed to examine the transmission rate within each experimental plot during a single cycle of infection, and to compare transmission rates in different instars. Plots were stocked with equal densities of healthy larvae; a concurrent trial demonstrated that proportionate mortality was linearly related to host density in this system, at least within the range of densities used (including that in the present study) (S. D. Vasconcelos, unpublished data).
All virus-treated plots were exposed to equal quantities of inoculum, so that only larval instar differed between plots. A subset of plots was then destructively sampled at successive time points. All larvae were removed and reared to pupation in the laboratory to assess the proportion infected. The design can be summarized as follows: 45 plots were assigned to each of the two treatments (inoculum vs. no inoculum). Within each treatment 15 plots were assigned to each of the three larval instars used. The 15 plots for each treatment/instar combination were divided between four sampling times, in which three to five plots (Table 1) were searched destructively for all larvae present.
Virus inoculum was provided in the form of infected larvae. Newly moulted second-instar larvae were each fed a lethal dose of -6400 NPV OBs on a plug of artificial diet over a 24-h period, and reared on in groups of 32 at 240C. Five days after infection the larvae were placed in the field at a density of 2 per plant (32 larvae per plot). Eighty infected larvae were retained to establish the time of mortality. Control plots received no inoculum. Healthy larvae were placed out 24 h after the inoculum larvae, at a density of 9 per plant (144 larvae per plot), using either second-, third-, or fourth-instar larvae (neonates are very sensitive to handling, while larvae older than fourth instars may have pupated within the duration of the experiment). Only larvae that had recently moulted were used, so that within instars, larvae were of approximately equal age and size.
Destructive sampling was carried out at 2, 4, 6, and 8 d after introducing the uninfected larvae. By the 6th d most larvae had moulted to the following instar. Cabbages were cut at soil level and dissected in the field to recover all larvae within each plot. In addition, the soil surface and any self-seeded weeds within the plot were searched by hand. Control plots were searched before inoculated plots to reduce the risk of cross contamination. Larvae remaining within a plot were removed to the laboratory and reared individually on artificial diet at z240C until death or pupation. They were examined at 48-h intervals and the time of death recorded. Where the cause of death was unclear it was further investigated by smearing, staining with Giemsa, and examination under the light microscope for viral OBs. None of the introduced (uninfected) larvae died of virus infection in the field during the 8 d of the trial, i.e., no secondary viral infections occurred and all transmission was a result of the primary inoculum.
Monitoring of inoculum density in the field by simplified bioassay
Fifteen additional plots were used to examine changes in virus inoculum levels during the period of the trial. These plots were set up simultaneously with the main trial, and were allocated random positions within the grid of plots. They were inoculated with infected larvae in an identical manner to, and at the same time as, the other virus-treated plots, but were not infested with healthy larvae at the beginning of the experiment. The 15 plots were divided between the four sampling time points (Table 1) . Twenty-four hours prior to each sampling point, 144 second-instar larvae were introduced to each plot, which were subsequently sampled destructively, and the larvae reared through to pupation in the laboratory as above. The proportion of larvae that acquired virus infections during this 24-h period was used as an indicator of changes in inoculum density.
Statistical analysis
LD50 values for each instar were calculated from the regression equation of the logit of proportionate virusinduced mortality against the log of the virus dose. We have assumed that the mean dose received by larvae of each instar will be directly proportional to the leaf area eaten: predicted relative rates of mortality are thus derived from the mean leaf area eaten for each instar divided by the LD50. Errors for the estimates for each instar were calculated by randomization methods.
Proportionate mortality in larvae from field plots was analyzed using GLIM (McCullagh and Nelder 1989), and was initially estimated with binomial errors; this error structure was substantiated during the analysis. If the degree of overdispersion was within acceptable limits (when Pearson's x2 divided by the residual degrees of freedom is <3), then a dispersion parameter was calculated and used to adjust the scale parameter. Where this procedure was found to be inappropriate (when data were overdispersed), an arcsine transformation with normal errors was used as an alternative.
To estimate the rate of transmission of the virus in each field plot, we followed a protocol recently sug- This model makes a number of assumptions; for example, both the death rate of infected and susceptible larvae due to factors other than disease (referred to as b in Anderson and May 1981) is assumed to be negligible compared to the disease-induced death rate. We also assume that v is constant over time (although one may expect it to vary according to the weather, particularly temperature, which presumably influences larval behavior). This model is then reduced further by considering a time span less than 7, i.e., the dynamics of an initial infection before any larvae have died and released additional inoculum into the field. Over the course of the experiment, we can also assume that dPI dt = 0, i.e., the virus is not lost from the plant substrate in significant quantities (as will be shown later 
RESULTS

Predicting relative transmission rates using laboratory data
The area of food plant surface ingested by larvae increased greatly in successive instars (9.0 ? 0.4, 33.0 ? 2.4, and 241.7 ? 10.7 mm2/24 h, means ? 1 SE for second, third and fourth instars, respectively) (F2 135 = 389, P < 0.001) (Fig. 1) . The LD50 value for secondinstar larvae was 4036 OBs per larva (95% CL 1767-9219), for third instars 7274 (6167-8578), and for fourth-instar larvae 22925 (15 033-34 544). The predicted relative rates of transmission, calculated from the ratio of leaf area grazed to LD50, indicated that mortality in fourth instars should be higher than thirdand second-instar larvae (Table 2) .
Inoculum levels during the field experiment
In total, 990 second-instar larvae were recovered from the 15 plots used to study inoculum persistence deaths at the beginning of the experiment was lower than at subsequent time points, although this trend was not significant (Fig. 2) . The low mortality may be due to inoculum cadavers having not lysed by the first sampling point.
Transmission rates in the field
In total we recovered 8712 larvae from 90 plots (excluding those plots used to study inoculum persistence): 4330 from control plots and 4382 from plots inoculated with virus (66.8 and 67.6% recovery, respectively). These were reared on to determine whether they were lethally infected with virus (the possibility that a proportion of the survivors may have carried covert infections was not addressed). Only 12 virus deaths occurred in control plots (0.28%), confirming that the background level of virus in the environment was low, and that experimental procedures were rigorous enough to minimize cross contamination. Of the larvae retrieved from inoculated plots, 846 (19.3%) subsequently died due to viral infection. Predictably, there was an increase in the proportion of infected larvae in samples taken at later time points (X2 = 120.1, df = 3, P < 0.001), for these larvae had been exposed to virus for longer periods ( Table 2 ). The only exception to this trend was the incidence of viral mortality in fourth instar larvae collected at the last (fourth) time point, which was unusually low, albeit based on a reduced sample size (n = 95) ( Table 2 ).
In contrast to the predicted increase in mortality in successive instars based on feeding behavior and LD50s, the proportion of larvae infected did not differ significantly among instars (X2 = 2.58, df = 2) ( Table 2) . The mortality for all time points combined was 21.6, 17.7, and 19.0% for instars 2, 3, and 4, respectively. Accordingly, estimates of the transmission parameter, (Table 3) , with a mean for all instars and time points combined of 2.16 x 10-12. The transmission parameter did differ with time; the first time point produced estimates that were significantly lower than time points 2 and 3 (t = 2.88, df = 41, P < 0.01, and t = 3.49, df = 41, P < 0.01 for time points 2 and 3, respectively). This may be due to the inoculum larvae failing to release all OBs before the first time point (mortality was also lower for the first time point in larvae used to monitor the inoculum level). The transmission estimates for time point 4 are lower than earlier estimates, but not significantly so.
Time from infection to death (T)
Monitoring of larvae once recovered from the field provided a survival curve for each instar at each time point. The exponential distribution was found to be an inadequate model for the data, as this assumes the hazard function (the instantaneous risk of death) is constant. The Weibull distribution, which allows the hazard function to vary with time, was found to be a significantly better description of the data; an improvement in the x2 value of 213.9 (df = 1).
Of the 846 virus deaths in larvae retrieved from virus-inoculated plots, the time to death varied from 9 to 22 d post release. Survivorship curves for the three instars indicated that second-instar larvae died more quickly once infected (Fig. 3) , which was confirmed by Weibull analysis of the times to death (Table 4) . Instars 3 and 4 differed significantly from instar 2 (t = 2.44, df = 35, P < 0.05 and t = 2.90, df = 35, P < 0.01, respectively) and from each other (t = 2.60, df = 35, P < 0.01). This is shown as the rate of mortality due to virus, a (the inverse of T), in Fig. 4 . The slower mortality of larvae sampled at later time points (Table 4) was presumably a compound effect of the average date of infection (larvae sampled later may have acquired their lethal dose at a later date), and higher temperatures in the laboratory speeding the development of infection in early samples.
DISCUSSION
Differences in food consumption rates and susceptibility to viral infection among different larval instars of M. brassicae in the laboratory lead to the prediction that the transmission rate of MbNPV in the field should be higher in fourth-instar larvae compared to earlier instars. This prediction was tested in a field trial, based on plots of cabbages contaminated with a known inoculum density in the form of virus-infected M. brassicae cadavers. No significant differences were detected in the linear transmission parameter, v, between instars, although a significant time effect was evident. The interval between infection and death, I, increased with larval age, such that the rate of mortality due to virus, at (the inverse of T), was significantly reduced in older instars.
Laboratory predictions based on food consumption and susceptibility to virus provide at best a crude estimate of relative transmission rates. At least two factors may influence relative transmission rates in the field. Firstly, heterogeneity in the distribution of virus combined with differences in behavior between instars (mobility, feeding sites, etc.), may affect the probability of virus acquisition. Secondly, extrapolation of laboratory data to the field assumes that environment and diet will not affect the relative magnitudes of feeding and susceptibility.
Spatial heterogeneity in virus distribution caused by the limited dissemination of virus released from infected corpses may favor transmission to those instars that are most mobile, i.e., those with the greatest probability of encountering the remains of an infected conspecific. In Lepidoptera generally, later instars tend to be more mobile, leading to the expectation that later instars may exhibit higher rates of transmission. Similarly, each instar may adopt particular patterns of feeding or movement that may bias the probability of consuming virus. Consequently, age-related differences in insect behavior may overtly alter actual virus transmission rates in the field. Changes in virus spatial distribution may explain the lower rates of infection (and hence lower estimates of v) found in larvae sampled Weibull model estimates of mean time to death (days) of infected larvae, X, (excluding nonvirus mortality) at the first time point compared to subsequent samples. We suggest that inoculum cadavers may not all have fully lysed by the time that uninfected larvae were released, so reducing the availability of virus in the period prior to the first sampling point. Little is known of the feeding behavior or mobility of M. brassicae larvae. In other Lepidoptera, larvae occupy different microhabitats on the plant according to age. For example, larvae of Pieris rapae, which also feed on cabbage, feed on the lower surface of outer leaves in the early instars, and move towards the heart of the cabbage in later instars ( Laboratory experiments were all carried out at 240C, and LD50s calculated for larvae feeding on artificial diet, which may produce different results to larvae exposed to virus under field conditions. Induction of plant defences occurs in proportion to damage, and has been shown to reduce susceptibility of larvae to baculovirus infection (Hunter and Schultz 1993) . This process may reduce the relative susceptibility of late-instar larvae, compared to early instars, since late instars eat more.
Previous field studies on the importance of stage structure differ in their conclusions. Dwyer (1991) described an approximately fivefold increase in the rate of infection of fifth-instar Douglas-fir tussock moth (Orgyia pseudotsugata) when compared with third-instar larvae, using a primary inoculum of infected thirdinstar larvae. When inoculum was provided by infected fifth instars, however, there was no significant difference in the rate of infection of fifths compared to thirds. Webb and Shelton (1990) found rates of infection to be higher in mid-instar Pieris rapae than early or late instars (mortality 8, 72, and 44% for first, third, and fifth instars, respectively), when exposed to spray applications of granulosis virus. In contrast, we found no difference in field-measured rates of infection according to instar. We suggest that generalizations as to the role of instar on transmission are problematic, for the outcome of compensatory feeding rate and susceptibility interactions will depend on the behavior of susceptible and infected larvae, on food plant chemistry and architecture, and not least on spatial heterogeneity in the density of virus inocula.
The transmission parameter, v, has, to our knowledge, been estimated in only two other systems. In Orgyia pseudotsugata, estimates from experiments repeated in three consecutive years ranged from 1 X 10-12 to 6.8 X 10-9, with a mean for 1987 of 3.13 X 10-9, and for 1988 
